The annual range of precipitation, which is the difference between maximum and minimum precipitation within a year, is examined in climate model simulations under global warming. For global averages, the annual range of precipitation tends to increase as the globe warms. On a regional basis, this enhancement is found over most areas of the world, except for the bands along 308S and 308N. The enhancement in the annual range of precipitation is mainly associated with larger upward trends of maximum precipitation and smaller upward trends or downward trends of minimum precipitation. Based on the moisture budget analysis, the dominant mechanism is vertical moisture advection, both on a global average and on a regional scale. The vertical moisture advection, moisture convergence induced by vertical motion, includes the thermodynamic component, which is associated with increased water vapor, and the dynamic component, which is associated with changes in circulation. Generally, the thermodynamic component enhances the annual range of precipitation, while the dynamic component tends to reduce it. Evaporation has a positive contribution to both maximum and minimum precipitation, but very little to the annual range of precipitation. Even though evaporation and horizontal moisture advection are small for a global average, they could be important on a regional basis.
Introduction
As anthropogenic forcings, such as greenhouse gases, become pronounced, more and more climate changes are found in the world. Global warming is one of the most apparent climate changes. Besides the increase of surface temperature, other climate changes are also gradually becoming clear; the change in precipitation is one of them. Under global warming, both observations and model simulations show an increase in the global average of mean precipitation, but with a strong spatial variation (i.e., increases in some regions but decreases in others; Allen and Ingram 2002; Meehl et al. 2007; Trenberth et al. 2007 ). The change in mean precipitation is associated with changes not only in precipitation intensity but also in precipitation frequency. Previous studies show that both intensity and frequency increase for heavy rainfall under the impact of global warming (e.g., Trenberth et al. 2003; Sun et al. 2007; Allan and Soden 2008; Liu et al. 2009; O'Gorman and Schneider 2009; Allan et al. 2010) .
Regarding the spatial variation of the change in mean precipitation, a tendency of wet regions getting wetter and dry regions getting drier has been found in both observations and model simulations (e.g., Allen and Ingram 2002; Neelin et al. 2006; Allan and Soden 2007; Wentz et al. 2007; Chou et al. 2009 ). One of the major mechanisms that induce this climate change is associated with the ''rich get richer'' mechanism, which is induced by increased water vapor due to global warming (Chou and Neelin 2004; Chou et al. 2009 ). In a warmer atmosphere, the tropospheric water vapor increases and roughly follows the Clausius-Clapeyron relationship with a constant relative humidity, at a rate of 7.5% K 21 (Allen and Ingram 2002; Held and Soden 2006; Stephens and Ellis 2008; Trenberth et al. 2003; Vecchi and Soden 2007; Wentz et al. 2007 ). The increased water vapor concentrates in the lower troposphere. Over climatologically wet regions dominated by ascending motion, the upward motion induces positive anomalies of moisture convergence, which then enhance precipitation. Over climatologically dry regions dominated by descending motion, on the other hand, the downward motion causes negative anomalies of moisture convergence, which create a unfavorable condition for processes that induce precipitation. This effect of increased water vapor transported by mean circulation is referred to as a thermodynamic component (Held and Soden 2006; Chou et al. 2009; Seager et al. 2010) . The thermodynamic component is relatively robust among climate models. The change in precipitation modifies the release of latent heat, which alters the corresponding vertical motion. Precipitation is further changed via this so-called dynamic component, which is associated with changes in tropical circulation. The dynamic component is more complicated than the thermodynamic component and causes a disagreement in regional precipitation changes between climate models (Chou et al. 2009 ).
Based on the idea of the thermodynamic component, changes in precipitation could vary with seasons if the mean tropical circulation has a strong seasonal cycle, such as the Hadley circulation. Previous studies (Chou et al. 2007; Chou and Tu 2008; Tan et al. 2008) show a hemispherical asymmetry of tropical precipitation anomalies between two sides of the equator under global warming. Over the summer hemisphere, which is dominated by the ascending branch of the Hadley circulation, tropical precipitation shows an upward trend. Over the winter hemisphere, which is dominated by the descending branch of the Hadley circulation, tropical precipitation has a slightly downward trend or is unchanged. Since summer is usually a rainy season and winter is a dry season, the hemispherical asymmetry of tropical precipitation implies that a wet season becomes wetter and a dry season becomes drier. In other words, the tendency of precipitation changes in the spatial variation (i.e., a wet region becoming wetter and a dry region becoming drier) is also found in the temporal variation. This asymmetry of tropical precipitation is also found in an interannual variation associated with ENSO, but due to a different mechanism (Chou and Lo 2007; Chou and Tu 2008) .
The seasonal dependence of precipitation trends implies a possible climate change in the seasonal cycle of precipitation. Thus, we would like to examine in this study the climate change in the seasonal cycle, particularly in the annual range of precipitation, which is the difference between maximum and minimum precipitation within a year. In section 2, we first describe the data used in this study and define an annual range of precipitation, which is slightly different from the conventional definition. We then examine changes in the annual range of precipitation for global averages and spatial distribution in section 3. Mechanisms that induce these changes in the annual range of precipitation are discussed in section 4, followed by a discussion and the conclusions.
Data and analysis method
Data used in this study are from the World Climate Research Programme's (WCRP's) Coupled Model Intercomparison Project phase 3 (CMIP3) multimodel dataset (Table 1) . The A1B scenario of anthropogenic emissions is used for the twenty-first-century global Conventionally, an annual range of precipitation is defined as precipitation differences between fixed wet and dry seasons for the entire study domain and period (e.g., Wang and Ding 2006; Li et al. 2010) , so both wet and dry seasons do not vary with time and space. This definition might not be able to give us the exact annual range of precipitation in a given year and at a given grid, since an annual range of precipitation should be the largest change of precipitation within one year (i.e., maximum minus minimum precipitation). Moreover, wet and dry seasons could shift under global warming, so the fixed wet and dry seasons might not be appropriate. Here we define the annual range of precipitation as the difference between the maximum and minimum precipitation in each year and at each grid. By using this definition for the annual range of precipitation, the seasons with maximum and minimum precipitation vary from year to year and are different between grids even in the same year. This definition can give us the exact range of how precipitation varies within one year and also avoids the effect of the shift of wet and dry seasons on the annual range of precipitation, which is another interesting issue (Biasutti and Sobel 2009; Kniveton et al. 2009 ). Here we focus on seasonal averages of precipitation, so the maximum and minimum precipitation amounts are a 3-month averages. Figure 1 shows the spatial distributions of maximum and minimum precipitation, and the annual range of precipitation averaged over the period of 1981-2000 for a multimodel ensemble. To obtain the ensemble, we first calculate maximum and minimum precipitation for each model, and then average all 17 models. We note that the seasons for maximum and minimum precipitation are different between grids. The distribution of maximum precipitation is very similar to annual precipitation, but the maximum precipitation over oceans is much larger than that over land (Fig. 1a) . This land-sea difference of the maximum precipitation is not clear in observations, particularly over South America (Fig. 2a) . The minimum precipitation, on the other hand, shows much weaker amplitudes over the entire world, except for small areas within the ITCZ, the South Pacific convergence zone (SPCZ), and the Amazon, in which the minimum precipitation is over 4 mm day 21 (Fig. 1b) . The observed minimum precipitation is slightly larger than the model ensemble over these regions (Fig. 2b) . Most larger annual ranges of precipitation occur in the tropics, except for the equatorial region (Figs. 1c and 2c ), which is different from the distribution of the maximum precipitation. We note that the annual range of precipitation is more meaningful over areas with distinct wet and dry seasons. Thus, we use a simple criterion to define these areas: the annual range of precipitation larger than 1 mm day 21 and 100% of annual mean precipitation (stippling in Figs. 1c and 2c ). The land-sea difference in magnitude that is found in the maximum precipitation (i.e., larger over oceans and smaller over land) is much weaker in the annual range of precipitation. This implies that the simulated annual range FIG. 1. Climatology (1981 -2000 of (a) maximum precipitation, (b) minimum precipitation, and (c) the annual range of precipitation from the 17 multimodel ensembles. The stippling denotes areas with the annual range of precipitation .1 mm day 21 and 100% of annual mean precipitation. The unit is mm day of precipitation is slightly more similar to observations (Figs. 1c and 2c) .
To understand changes in the annual range of precipitation, the vertically integrated moisture budget is used, which can be written as
where pressure velocity v is assumed to be zero at the surface p s and at tropopause p T , and p and hi denote pressure and a mass integration through the entire troposphere, respectively. Specific humidity q is in energy units by absorbing the latent heat per unit mass L. For simplicity and consistency, the precipitation P is in energy units (W m 22 ) which, divided by 28 [5L/day (in seconds)], becomes millimeters per day. Here E is evaporation and v is horizontal velocity. The convergence of moisture flux 2h$ Á vqi on the right of (1) can be divided into two parts: the vertical moisture advection 2hv› p qi and the horizontal moisture advection 2hv Á $qi. The vertical moisture advection, the first term on the right of (2), is the part of the convergence of moisture flux induced by vertical motion or low-level convergence. The horizontal moisture advection, the second term on the right of (2), is the part of the convergence of moisture flux associated with horizontal velocity. The last term on the right of (2) d is a residual term, which includes transient eddies and nonlinear effects.
Changes of the vertical moisture advection can be further divided into two terms:
where ( 2 ) is climatology from 1981 to 2000 and ()9 is the change. The first term on the right is associated with changes in water vapor, which is mainly induced by temperature changes, so it is usually termed the thermodynamic component (Held and Soden 2006; Chou et al. 2009; Seager et al. 2010 ). The second term on the right is related to changes in vertical velocity, which is associated with tropical circulation, so it is termed the dynamic component (Held and Soden 2006; Chou et al. 2009; Seager et al. 2010 ). Here we neglect the nonlinear term 2hv9› p q9i. Figure 3 shows the time series for global averages of the maximum and minimum precipitation and the annual range of precipitation from 1980 to 2099 (solid curves), which are spatial averages of maximum and minimum precipitation at each grid point. The global average of precipitation in the maximum season (i.e., the season with maximum precipitation) shows a very clear upward trend, with a rate of 0.297 mm day 21 century
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. On the other hand, the average in the minimum season, the season with minimum precipitation, shows a very weak upward trend, with a rate of 0.016 mm day 21 century 21 . Since the maximum precipitation increases faster than the minimum precipitation, the annual range of precipitation is widening, with a rate of around 0.282 mm day 21 century 21 . This widening in the annual range of precipitation is much faster than the global average of annual mean precipitation shown in Fig. 3c . We note that if using monthly, instead of seasonal averages, the enhancement of the annual range of precipitation will be stronger, at a rate of around 0.427 mm day confidence level of a Student's t test. In other words, the seasonal cycle of precipitation tends to be stronger when the globe becomes warmer, which is mainly due to much wetter rainy seasons and relatively unchanged dry seasons. This result is similar to an enhancement in the hemispherical asymmetry of tropical precipitation (Chou et al. 2007; Tan et al. 2008) , in which the precipitation enhances over the summer hemisphere and changes very little or slightly decreases over the winter hemisphere. Since the precipitation in the summer hemisphere might not always be an annual maximum at each grid point, the corresponding upward trends for the summer precipitation and the difference between summer and winter are smaller than the trends for the maximum precipitation and the annual range precipitation discussed here (Fig. 3) . When using fixed wet and dry seasons in each year and at each grid, the corresponding upward trends are also weaker than those obtained from varied maximum and minimum seasons (dashed curves). We note that there is a jump around 2000, which might be due to a shift of the seasonal cycle and needs a further investigation. We next examine the spatial distribution of these long-term trends , beginning with the maximum precipitation (Fig. 4a) . Most areas in the world show clear upward trends, with the strongest trends over the tropical Pacific and Indian Oceans. In the tropics, dominated by ascending motion, the distribution of the trends is similar to the climatology of the maximum precipitation shown in Fig. 1a , with a slightly eastward shift of the maximum trends, which could correspond to the enhanced equatorial warming response of SST that . The trends that passed the 95% statistical confidence level of a Student's t test are stippled. In (a) and (b), the hatching denotes areas with pressure velocity v at 500 hPa negative (i.e., ascents). In (c), the hatching denotes areas with distinct wet and dry seasons, the annual range of precipitation .1 mm day 21 and 100% of annual mean precipitation.
is induced by global warming (e.g., Meehl et al. 2007 ). Downward trends are found only over midlatitudes along 308 in the Southern and Northern Hemispheres, which are mainly dominated by descending motion. Overall, the sign of the trend is roughly consistent with the direction of the associated mean vertical motion (i.e., upward trends over ascending regions and downward trends over descending regions). Unlike the maximum precipitation, the trends of the minimum precipitation do not follow the direction of vertical motion very well (Fig. 4b) . Most downward trends are found within 458S-458N, where they are dominated by descending motion. Most upward trends, on the other hand, are found over high latitudes, where they are also mostly dominated by descending motion. The strongest upward trends are over the equatorial central Pacific, where the trends of the maximum precipitation are also the largest. This might be due to the enhanced equatorial warming response of SST, similar to the possible cause for the maximum precipitation. Because of the strong cancellation between the downward trends within 458S-458N and the upward trends at high latitudes, the global average of the minimum precipitation is nearly unchanged (Fig. 3b ). An examination of the annual range of precipitation reveals that it is enhanced almost everywhere in the world, except for narrow bands near 308S and 308N (Fig. 4c) . The distribution of the trends is similar to that in the maximum precipitation, even over high latitudes where the trends of the minimum precipitation are upward. At high latitudes, the enhancement of the annual range of precipitation is associated more with smaller upward trends of the minimum precipitation than with the maximum precipitation. In the tropics (308S-308N), the enhancement of the annual range of precipitation is associated with the upward trends of the maximum precipitation and the downward trends of the minimum precipitation. The reduction of the annual range of precipitation near 308S and 308N is due to faster downward trends of the maximum precipitation than of the minimum precipitation. Moreover, stronger upward trends of the annual range of precipitation tend to occur over regions with distinct wet and dry seasons (i.e., the annual range of precipitation larger than 1 mm day 21 and 100% of the annual mean precipitation; Fig. 1c ). This means that the annual range of precipitation that has already been large will become even larger under global warming. The spatial pattern of changes in the annual range of precipitation is similar to changes in annual mean precipitation, such as in Meehl et al. (2007) and Seager et al. (2010) , since the annual range of precipitation is more associated with maximum than minimum precipitation and the spatial pattern of maximum precipitation is relatively similar to that of annual mean precipitation. However, over areas with less seasonality of precipitation, such as near the equatorial western Pacific and the Maritime Continent (Fig. 1) , the enhancement in the annual range of precipitation is relatively smaller than that over other tropical convergence zones (Fig. 4) .
Moisture budget and mechanisms
a. Global moisture budget
To understand mechanisms that induce the changes associated with precipitation, we first examine global averages of the moisture budget in (2). Figure 5 shows the time series of the moisture budget associated with maximum precipitation. The vertical moisture advection 2hv› p qi shows a clear upward trend (Fig. 5a) , with a rate of around 5.142 W m 22 century
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, which is equivalent to 0.184 mm day 21 century
. The horizontal moisture advection 2hv Á $qi tends to increase (Fig. 5b) (Fig. 5c ). The residual d tends to decrease (Fig. 5d ) a little bit. Overall, 2hv› p qi contributes to 2 /3 of the upward trend of the maximum precipitation, while evaporation contributes to the remaining 1 /3 of the trend of the maximum precipitation. In other words, the most dominant effect for inducing the upward trend of maximum precipitation is the vertical moisture advection. We further examine changes in the thermodynamic and dynamic component (i.e., 2hv› p q9i and 2hv9› p qi) in Figs. 5e,f. The thermodynamic component increases, while the dynamic component decreases. To understand the trends of the thermodynamic and dynamic components, atmospheric moisture and vertical velocity are also examined. Both the water vapor and the vertical velocity show upward trends (Figs. 5g,h ), which indicates an increase in water vapor and a reduction in ascending motion as the globe warms up. In the thermodynamic component, 2hv› p q9i has a positive contribution to the upward trend of 2hv› p qi (i.e., 2hv› p q9i . 0), because the mean vertical motion is upward in the maximum season, the season with maximum precipitation, and the global warming-induced positive anomalies of water vapor concentrates in the lower troposphere. In the dynamic component, on the other hand, the reduced upward motion tends to reduce 2hv› p qi (i.e., 2hv9› p qi , 0). Overall, the increased 2hv› p qi is mainly associated with changes in atmospheric water vapor, the thermodynamic component. The reduction of the upward motion is consistent with a weakening of tropical circulation in climate model simulations, which has been discussed by many studies (e.g., Knutson and Manabe 1995; Held and Soden 2006; Vecchi and Soden 2007; Chou and Chen 2010) . We note that the dynamic component could also be associated with transient eddies, especially at mid-and high latitudes (e.g., Seager et al. 2010) . For precipitation in the minimum season (the season with minimum precipitation), the moisture budget is shown in Fig. 6 Fig. 6a) , which is the opposite and much weaker in amplitude compared to the upward trend in the maximum season (Fig. 5a ). However, since minimum precipitation is smaller than maximum precipitation in amplitude, the rates of the changes in both seasons become closer in percentage, with 9% and 7% century 21 in the maximum and minimum seasons, respectively. Since 2hv› p qi is always a negative value in the minimum season, the downward trend indicates an enhancement of the magnitude of the vertical moisture advection. Examining changes in atmospheric water vapor and vertical velocity that can affect 2hv› p qi reveals that the water vapor increases (Fig. 6g ), but the corresponding descending motion reduces (Fig. 6h) , a weakening of tropical circulation. Thus, the enhancement in the magnitude of 2hv› p qi, a downward trend (Fig. 6a) , is mainly associated with an increase in atmospheric water vapor, the thermodynamic component (i.e., 2hv› p q9i , 0; Fig. 6e ). The dynamic component associated with changes in vertical motion actually reduces the increasing rate in the magnitude of negative 2hv› p qi (i.e., 2hv9› p qi . 0; Fig. 6f ). Similar to those found in the maximum season, both the horizontal advection 2hv Á $qi and the residual term are relatively unchanged. Evaporation in the minimum season shows an upward trend at a rate of around 3. , similar to the trend of evaporation in the maximum season. This implies that the upward trends of evaporation in both maximum and minimum seasons could be induced by similar mechanisms, such as those discussed in Richter and Xie (2008) . The increase in evaporation under global warming is associated with increases in relative humidity and stability at the surface and a reduction in surface wind speed. For the ensemble shown here, the amplitude of the upward trend of evaporation is stronger than that of the downward trend of 2hv› p qi, so the trend of minimum precipitation is slightly upward (Fig. 3b) . However, it might slightly vary among models, so the trend of minimum precipitation might be downward, instead of upward, in some models, similar to those changes in precipitation found in the winter hemisphere (Tan et al. 2008) . Overall, the trend of the minimum precipitation (Fig. 3b) is very weak because of the cancellation between the increases in the magnitude of the negative 2hv› p qi trend and the positive evaporation trend. Changes in the moisture budget for the annual range of precipitation are different from those found in the budgets for the maximum and minimum precipitation discussed above. The difference of 2hv› p qi between the maximum and minimum seasons shows a clear upward trend (Fig. 7a) ). It is close to the trend of the annual range precipitation shown in Fig. 3c . The rest of the terms are almost unchanged (Figs. 7b-d) . The trends of the horizontal moisture advection 2hv Á $qi and the residual term are already small in both maximum and minimum seasons, so the differences in these terms are small. We note that the residual term, which includes transient eddies, might be important on a regional scale (Seager and Vecchi 2010) . It could possibly modify the annual range of precipitation slightly (Seager et al. 2010) , but it will not alter the outcome (i.e., the widening of the annual range of precipitation). Evaporation shows similar upward trends in the maximum and minimum seasons, so the difference in evaporation does not change too much, as a result of the strong cancellation between these two seasons. Thus, the change in 2hv› p qi, which is mainly associated with the thermodynamic component (Fig. 7e) , is the only major mechanism that enhances the annual precipitation range. Almost no contribution is from evaporation, which is different in the moisture budget for maximum and minimum precipitation. We note that the dynamic component, which is associated with changes in vertical motion and the corresponding circulation, also affects the annual range of precipitation, narrowing but not widening the range (Fig. 7f) .
b. Spatial distribution
We next examine the spatial distributions of the trends in the water vapor budget. Figure 8 shows the trends of 2hv› p qi. In the maximum season (Fig. 8a) , the spatial pattern of the 2hv› p qi trends is very similar to the distribution of the maximum precipitation trends (Fig. 4a) . Upward trends are found in the tropics and high latitudes, while downward trends are over midlatitudes around 308S and 308N. The area with negative trends is slightly larger than that with the maximum precipitation trends. In the minimum season (Fig. 8b) , on the other hand, downward (negative) trends of 2hv› p qi are found over most areas. Upward trends are only found over the equatorial central Pacific and around 608S. This spatial pattern of 2hv› p qi is different from the distribution of the minimum precipitation trends (Fig. 4b) , especially over high latitudes, where the trends of the minimum precipitation are upward, but the trends of 2hv› p qi are downward. At high latitudes, precipitation is not mainly associated with convection, so 2hv› p qi is less dominant. The contribution from high latitudes is one of the reasons that causes the difference of trends between the globally averaged minimum precipitation and 2hv› p qi in the minimum season (Figs. 3b  and 6a ). The trends in the lower latitudes can also contribute to this difference since the amplitude of the negative 2hv› p qi trends is stronger and the amplitude of the positive 2hv› p qi trends is weaker than the corresponding minimum precipitation trends shown in Fig. 4b . The differences of 2hv› p qi between the maximum and minimum seasons (Fig. 8c) show a very similar spatial pattern to the trends of the annual range of precipitation (Fig. 4c) . This implies that 2hv› p qi dominates the changes in the annual range of precipitation not only on a global average, but also on a regional scale.
Changes in 2hv› p qi are mainly associated with the thermodynamic and dynamic components, which are related to changes in water vapor and vertical motion, respectively. We first examine the thermodynamic component 2hv› p q9i (Fig. 9) . Because tropospheric water vapor increases everywhere in the world in the maximum and minimum seasons (q9 . 0) and the increased water vapor concentrates in the lower troposphere, the sign of the thermodynamic component mainly depends on the corresponding mean vertical motion v. In the maximum and minimum seasons, upward trends are found over areas with mean ascending motion (v , 0), while downward trends are found over areas with mean descending motion (v . 0). The trends for the differences of 2hv› p q9i are upward almost everywhere in the world (Fig. 9c) , with stronger magnitudes in the tropics. We note that the spatial distribution of the trends of the thermodynamic component (Fig. 9) is very close to the distributions in climatology for the maximum and minimum precipitation and the annual range of precipitation shown in Fig. 1 . We next examine the dynamic component, 2hv9› p qi. The sign of 2hv9› p qi is determined by the direction of the changes in vertical motion v9 because mean tropospheric water vapor q is positive everywhere and concentrates in the lower troposphere. In the maximum season, when dominated by mean ascending motion (v , 0), the trend of the dynamic component shows a strong spatial variation, which is different from the pattern of v (Figs. 9a and 10a) . Upward trends are found at high latitudes and the equatorial Pacific, and are stronger at the equatorial Pacific. Most downward trends are found within 458S-458N. Compared to the magnitude of the upward trends, these downward trends are generally stronger. At high latitudes, 2hv9› p qi has a similar effect as 2hv› p q9i, which is positive. In the tropics, on the other hand, they are opposite. Most areas show negative values of the 2hv9› p qi trend and positive values of the 2hv› p q9i trend. Based on the direction of the 2hv› p qi trend (Fig. 8a) , the thermodynamic component dominates in most tropical regions, while the dynamic component tends to reduce the amplitudes of the 2hv› p qi trends, which are positive over most tropical regions. However, in some regions, such as the equatorial Pacific and the central South America-Caribbean Sea, 2hv9› p qi is clearly more pronounced than 2hv› p q9i. These changes associated with changes in vertical velocity could be induced by either changes in local convection or a shift in large-scale circulation. In the minimum season (Fig. 10b) , most areas are dominated by upward trends of the dynamic component, especially in the tropics, which is opposite to the trends of the thermodynamic component (Fig. 9b) . Thus, the dynamic component tends to reduce the magnitudes of the 2hv› p qi trends in the minimum season, which is downward over most areas (Fig. 8b ). The differences of the dynamic component 2hv9› p qi between the maximum and minimum seasons are negative in most areas within 458S-458N, except the equatorial eastern Pacific (Fig. 10c) . Weak upward trends are also found at high latitudes of the Northern Hemisphere. Similar to those trends of the dynamic component found in the maximum and minimum seasons (Figs. 10a,b) , these trends are also opposite to the trends of the thermodynamic component (Fig. 9c ) in most areas, except at high latitudes of the Northern Hemisphere. Overall, thermodynamic component dominates the trends of 2hv› p qi in most regions, especially in the tropics. The dynamic component usually just slightly modifies the amplitudes of the trends, but it can also be important in some regions, such as in the equatorial Pacific. The mechanisms associated with 2hv› p qi, which are discussed here, are similar to those mechanisms found for changes in mean precipitation (Seager et al. 2010) . We note that the weaker impact of the dynamic component might also be due to the inconsistency of changes in vertical motion among climate models (O'Gorman and Schneider 2009; Allan et al. 2010 ) since the results shown here are 17-model ensembles. Figure 11 shows the distributions for the trends of 2hv Á $qi. The trends in the maximum and minimum seasons and the trends for the differences between these two seasons show clear spatial variations. The horizontal moisture advection could be associated with the uppedante mechanism (Chou and Neelin 2004; Chou et al. 2009 ), which reduces precipitation over convective margins. It could also be associated with a shift of an atmospheric circulation and transient eddies (e.g., Seager et al. 2010) . The trends over most regions are relatively weak compared to the trends of 2hv› p qi (Fig. 8 ), but they can be strong in some regions, such as in the East Asian region and its neighboring oceans, and the Bay of Bengal. Over the East Asian region, the downward trend for the difference of 2hv Á $qi is associated with downward trends in the maximum season and upward trends in the minimum season. Over the Bay of Bengal, the trend for the difference of 2hv Á $qi range is associated with upward trends in the maximum season and downward trends in the minimum season. The trends of evaporation show increasing trends for most areas in both maximum and minimum seasons, with the strongest amplitudes over East Asia and the North Pacific (Figs. 12a,b) . At high latitudes, the increase in evaporation (Fig. 12b) dominates the increase in precipitation in the minimum season (Fig. 4b) , not the contribution of 2hv›qi, which is negative (Fig. 8b) . However, how the extra moisture transfers into precipitation should be examined in the future. Because of the cancellation, the trends for the differences of evaporation between the maximum and minimum seasons are relatively small for most areas, the tropics in particular, and their spatial pattern is very different from the distributions in the maximum and minimum seasons. The trends for the differences of evaporation show relatively strong amplitudes around 308-608N, such as strong downward trends over East Asia, the North Pacific, the North Atlantic, and Europe. Thus, evaporation could be important regionally, especially for its contribution to the annual range of precipitation. We note that the dipole pattern of the trends over the North Pacific is similar to that in the horizontal moisture advection (Fig. 11c) . This could be due to changes in the Asian summer monsoon circulation, which should be further examined.
Discussion and conclusions
Global warming can modify precipitation characteristics, such as mean (amount), frequency and intensity. In this study, we focused on an annual range of precipitation, the difference between maximum and minimum precipitation, which is associated with a seasonal cycle of precipitation. For global averages, the enhancement in the annual range of precipitation is apparent, which is due to a faster increase of precipitation in the maximum season than in the minimum season (Fig. 3) . Normalized by global averages of changes in surface temperature, the maximum precipitation increases at a rate of 3.64% 8C
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, the minimum precipitation increases at a rate of 0.21% 8C
, and the annual range of precipitation widens at a rate of 4.54% 8C
. If considering monthly averages (i.e., the maximum and minimum months, instead of seasonal averages) the changing rates are also similar, at a rate of 4.06%, 20.03%, and 4.63% 8C 21 for the maximum and minimum precipitation and the annual range of precipitation, respectively. To obtain the rate of the 17-model ensemble, we did not directly use the time series shown in Fig. 3 . We calculated the rates for each model, and then averaged each of 17 models. Thus, the rate in the annual range of precipitation is slightly different from the rates of the maximum-minus-minimum precipitation. Compared to the increased rate of global averaged annual mean precipitation, which is around 2.97% 8C 21 , the maximum precipitation and the annual range of precipitation increase only slightly faster, but slower for the minimum precipitation. Unlike the result shown in Fig. 3c , in which the annual range of precipitation increases much faster than the global mean precipitation, this is due to larger amplitudes of the annual range of precipitation than of the global mean precipitation.
On a regional basis, the widening of the annual range of precipitation occurs almost everywhere in the world, except for two zonal bands around 308N and 308S (Fig. 4c ), but the causes are different. At high latitudes, FIG. 12 . As in Fig. 8, but for evaporation. the widening of the annual range of precipitation is due to the faster increase of precipitation in the maximum season than in the minimum season, similar to the global averages. In the tropics, on the other hand, the widening over most areas is associated with an increase in precipitation in the maximum season and a decrease in precipitation in the minimum season. The reduced annual range of precipitation around 308N and 308S, where it is dominated by mean descending motion, is mainly associated with a faster reduction of precipitation in the maximum season than in the minimum season. Overall, the widening of the annual range of precipitation is more apparent over areas with distinct wet and dry seasons (i.e., changes in the seasonal cycle of precipitation).
To understand mechanisms that cause the widening of the annual range of precipitation, we examined a vertically integrated water vapor budget, which is equation (2). On both a global and regional basis, the dominant mechanism for inducing the enhancement of the annual range of precipitation is associated with the change in vertical moisture advection, 2hv› p qi. Other effects, such as horizontal moisture advection and evaporation, are relatively weak because of different reasons. Horizontal moisture advection is generally small in the maximum and minimum seasons. Evaporation, on the other hand, is small because of the cancellation between the maximum and minimum seasons. The change in vertical moisture advection is mainly determined by changes in moisture and vertical motion, thermodynamics, and dynamic components, respectively. In general, the thermodynamic component is dominant over most areas and the dynamic component tends to oppose the effect of the thermodynamic component. That is why the increased rate of the annual range of precipitation for the global average (4.54% 8C
) is smaller than what the Clausius-Clapeyron thermal scaling (;7.5% 8C 21 ) indicates.
In the thermodynamic component, since changes in the increases of water vapor are all positive and concentrate in the lower troposphere, the mean vertical motion becomes the determining factor for the sign of the thermodynamic component. Thus, the spatial patterns of the trends of the thermodynamic components are very close to the climatology of the corresponding precipitation. In the dynamic component, on the other hand, the determining factor is the change in vertical motion, which is much more complicated. In the tropics, the amplitudes of both ascending and descending motions generally reduce over most areas (i.e., a weakening of tropical circulation), so the dynamic component tends to reduce the annual range of precipitation. The poleward expansion of the Hadley circulation (Fu et al. 2006; Lu et al. 2007; Previdi and Liepert 2007; Seidel et al. 2007 ) and the poleward shift of transient eddies (Yin 2005; Bengtsson et al. 2006; Seager et al. 2010 ) could also be important. Tropical circulation may also shift regionally because of various effects, such as changes in the spatial distribution of SST, which can be associated with the feedback of ocean dynamics (e.g., Chou et al. 2006 Chou et al. , 2009 Xie et al. 2010) , and changes in land-sea contrast (e.g., Sun et al. 2010) . At high latitudes, changes in vertical motion are consistent with mean vertical motion for most areas in the maximum season (i.e., an increase in the amplitude of vertical motion), so the dynamic component further increases the annual range of precipitation, similar to the thermodynamic component.
From a global point of view, the fact that the thermodynamic component is more important than the dynamic component implies that the atmospheric circulation might vary very little in its spatial distribution. It could also imply that changes in the atmospheric circulation are very inconsistent among climate models (O'Gorman and Schneider 2009; Allan et al. 2010) , while the thermodynamic component is more consistent. The only consistent change associated with the dynamic component or the atmospheric circulation is the weakening in its strength. Here we only examined changes in the annual range of precipitation from climate model simulations, so the results should be compared to observations, which is an ongoing study.
